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FLUORESCENCE CORRELATION SPECTROSCOPY WITH SINGLE EXCITATION 
WAVELENGTH 



[0001]This application claims priority under Article 8 of the Patent 
Cooperation Treaty of United States application 60/513,195, the entire contents of 
which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The invention relates to fluorescence correlation spectroscopy, 
especially to multicolor cross-correlation spectroscopy, in which the invention 
can be used to detect interactions between molecules where all the molecules 
have been labeled with fluorophores that can be excited simultaneously with one 
laser wavelength but have different emission characteristics. 

Description of the Related Art 

[0003] Fluorescence Correlation Spectroscopy (FCS) is a technique that 
can determine the characteristics of molecular processes by measuring 
fluorescence fluctuations in a small sample volume (typically a confocal volume) 
that are caused by the molecular processes. Typical related art FCS technology 
is described by E. L. Elson and D. Magde (Fluorescence Correlation 
Spectroscopy. I. Conceptual basis and theory. Biopolym. 13:1-27, 1974) and R. 
Rigler, U. Mets, J. Widengren, and P. Kask (Fluorescence Correlation 
Spectroscopy with High Count Rate and Low-Background - Analysis of 
Translational Diffusion. Eur.Biophys.J. 22 (3):169-175, 1993). 

[0004] FCS uses only one fluorescent label and is limited in its resolution, 
and FCS can resolve two processes only when their characteristic times are 
different by at least a factor 1.6 to 2 (see U. Meseth, T. Wohland, R. Rigler, and 
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H. Vogel. Resolution of Fluorescence Correlation Measurements. Biophys.J. 
76:1619-1631,1999). 

[0005] Fluorescence Cross-correlation Spectroscopy (FCCS) is also a 
technique that allows the measurement of association events of two differently 
fluorescently labeled particles by detecting their distinct signals from an 
observation volume in at least two detectors (see P. Schwille, FJ Meyer-Almes, 
and Rudolf Rigler. Dual-Color Fluorescence Cross-Correlation Spectroscopy for 
Multicomponent Diffusional Analysis in Solution. Biophys.J. 72 (April): 1878-1 886, 
1997). The detector signals are cross-correlated and conclusions can be drawn 
about the association/correlation of the two particles. This technique circumvents 
the resolution limitations of FCS and can measure any kind of association 
independent of whether the association changes the molecular process 
sufficiently. For example, the association does not have to change a molecular 
process (e.g., diffusion) by a factor of 2 to be measured (for diffusion that means a 
factor 8 in mass change). However, to achieve the excitation of two fluorophores 
that have emission characteristics that are sufficiently different to allow separate 
detection of the two fluorophores, FCCS requires the use of two different laser 
wavelengths and thus the necessitates the alignment of two laser beams to the 
same spot in a microscope. This procedure is difficult and has blocked the 
commercial and scientific exploitation of this technique (see M. Rarbach, U. 
Kettling, A. Koltermann, and M. Eigen, Dual-color fluorescence cross-correlation 
spectroscopy for monitoring the kinetics of enzyme-catalyzed reactions. Methods 
24 (2):104-116 f 2001; N. L. Thompson, A. M. Lieto, and N. W. Allen. Recent 
advances in fluorescence correlation spectroscopy. Current Opinion in Structural 
Biology 12 (5):634-641, 2002). 

[0006] Recently, it was shown that FCCS can be performed with a single 
laser beam when two-photon excitation is used (see K. G. Heinze, A. 
Koltermann, and P. Schwille, Simultaneous two-photon excitation of distinct labels 
for dual-color fluorescence crosscorrelation analysis, Proceedings of the National 
Academy of Sciences of the United States of America; 97 (19):1 0377-1 0382, 
2000). The costs of the system and problems of finding fluorophores with 
adequate two-photon absorption cross sections limit this technique (see O. 
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Krichevsky, G. Bonnet, Fluorescence correlation spectroscopy: the technique and 
its applications, Rep. Prog. Phys.65, 251-297, 2002). 

[0007] It has been suggested that fluorophores with large Stokes' shifts can 
be used for simultaneous excitation with a single laser beam but no appropriate 
system has been suggested up to now (see, e.g., K.G. Heinze, M. Jahnz, P. 
Schwille. Triple Color Coincidence Analysis: One Step Further in Following Higher 
Order Molecular Complex Formation. Biophys. J. 86, 506-516, 2004). While the 
related art has found that no appropriate dyes have been found that fulfill the 
condition for single laser line excitation and emission in two different wavelength 
ranges. However, a single laser line excitation has recently been demonstrated 
by two-photon excitation, but no single laser line one photon excitation is found. 
The first demonstration of single laser line one photon excitation for dual color 
fluorescence cross correlation in an article published by the inventors (see L.C. 
Hwang and T. Wohland. Dual-Color Fluorescence Cross-Correlation 
Spectroscopy Using Single Laser Wavelength Excitation, ChemPhysChem 5, 549- 
551,2004). 

[0008] FCS and FCCS instruments are commercially available (Carl Zeiss 
and Olympus). However, they use two laser beams for the excitation of their 
samples. Alternatively, a single laser for two-photon excitation can be used (IR, 
pulsed laser). 

[0009] At least two patents (U.S. Patent 6,200,818 and U.S. Patent 
6,582,903) have claimed the excitation of fluorophores with one single 
wavelength and their detection in different detection channels due to different 
Stokes shifts of the fluorophores. However, both patents fail to set forth a 
system fulfilling the conditions for such measurements. 

[0010] As a result, at least preferred embodiments of the present 
invention seek to facilitate fluorescence cross-correlation spectroscopy that uses 
a single laser wavelength. 
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SUMMARY OF THE INVENTION 

[0011] In accordance with a first aspect of the present invention there are 
provided at least two fluorophores for use in fluorescence correlation 
spectroscopy, characterized in that the fluorophores have substantially the same 
excitation wavelength and different emission wavelengths. 

[0012] In accordance with a second aspect of the present invention there 
is provided a screening method for at least two binding partners, which 
comprises: labeling each binding partner with a fluorophore, characterized in 
that the at least two fluorophores have substantially the same excitation 
wavelength and different emission wavelengths. 

[001 3] One of the fluorophores may have a larger Stokes shift than the 
other. A relative Stokes shift difference between the fluorophores may be 
greater than about 40nm. The relative Stokes shift difference between the 
fluorophores may be greater than about 100nm. 

[0014]At least one of the fluorophores may comprise a nanocrystal or a 
quantum dot. At least one of the fluorophores may comprise a fluorescent 
energy transfer dye. At least one of the fluorophores may comprise a standard 
organic dye. 

[0015] The fluorophores may comprise fluorescein and quantum red. The 
fluorophores may comprise fluorescein and tetramethylrhodamine. The 
fluorophores may comprise fluorescein and semiconductor nanocrystals. The 
fluorophores may comprise 3 or more fluorophores. 

[0016]The binding partners may have a mass difference of less than a 
factor of 10. The binding partners may have a mass difference of less than a 
factor of 8. The binding partners may comprise biotin and streptavidin. 

[0017] In accordance with a third aspect of the present invention there 
provided a biological screening apparatus, comprising: a single laser beam 
source; a optical system for directing the single laser beam onto a sample and 
for directing fluorescence emitted from the sample towards a spectrograph unit; 
the spectrograph unit separating the emitted fluorescence by wavelength; and a 
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detector unit for detection of the fluorescence at respective different 
wavelengths. 

[001 8] It is to be understood that both the foregoing general description and 
the following detailed description are exemplary and explanatory and are intended 
to provide further explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019]The accompanying drawings are included to provide a further 
understanding of the invention. The drawings illustrate embodiments of the 
invention and together with the description serve to explain the principles of the 
embodiments of the invention. 

[0020] Figures 1A and 1B show normalized emission spectra of dyes in 
an example embodiment. 

[0021] Figure 2 shows excitation and detection pathways for the 
simultaneous detection of two wavelength ranges in an example embodiment. 

[0022] Figures 3A and 3B show binding curves for streptavidin and biotin 
in an example embodiment. 

[0023] Figure 4 shows excitation and detection pathways for the 
simultaneous detection of two wavelength ranges after passage through a 
pinhole in an example embodiment. 

[0024] Figures 5A and 5B show the influence of impurities on the cross- 
correlation function (CCF) in an example embodiment. 

[0025] Figure 6 shows the influence of Kd on the CCF in an example 
embodiment. 

[0026] Figure 7 shows the influence of the cross-talk on the CCF in an 
example embodiment. 

[0027] Figures 8A and 8B shows the influence of increasing cross-talk of 
ligand fluorophores on sensitivity in an example embodiment. 
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[0028] Fig. 9: shows spectra of the probes used for three color detection 
by single laser line excitation, in an example embodiment. 

[0029] Figures 10 A to C show results of proof of principle measurements 
of single laser-line one-photon excitation of three fluorophores in an example 
embodiment. 

DETAILED DESCRIPTION 

[0030] Advantages of the present invention will become more apparent 
from the detailed description given hereinafter. However, it should be understood 
that the detailed description and specific examples, while indicating preferred 
embodiments of the invention, are given by way of illustration only, since various 
changes and modifications within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed description. 

[0031] Fluorophores have characteristic excitation wavelengths and emit 
light at a longer wavelength. The difference between the maximum excitation 
wavelength and maximum emission wavelength is called the Stokes shift. Up to 
now no fluorophore combination of two or more fluorophores has been proposed 
that can be excited at one single laser wavelength but whose Stokes shifts are 
sufficiently different to allow the detection of the emission of the two fluorophores 
in different channels. 

[0032]The invention allows the use of fluorescence energy transfer dyes, 
i.e. dyes that are composed of a donor and acceptor fluorophore, which can 
transfer excitation energy from one dye to another, by a radiationless process. In 
these dyes the donor fluorophore is excited. Since the emission spectrum of the 
donor is overlapping with the excitation spectrum of the acceptor, energy transfer 
between the two dyes is possible. Emission of the fluorescence energy transfer 
dye takes then place at the emission wavelength of the acceptor dye. The Stokes 
shift of these dyes can thus reach 100 nm. 

[0033] In an additional embodiment of the invention, semiconductor 
nanocrystals or quantum dots can be excited at any wavelength below a certain 
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threshold wavelength, and their emission characteristics depend on their size. By 
choosing an excitation wavelength that is sufficiently low, a large difference 
between excitation and emission can be achieved. 

[0034] Using any of these two or more fluorophores in combination with 
fluorophores of smaller Stokes shift but similar excitation characteristics allows the 
simultaneous excitation of both with a single laser wavelength and at the same 
time the detection of their particular emission wavelength in different detectors. 
These fluorophore pairs (large and small Stokes shift fluorophore) are ideal labels 
for FCCS measurements that can be performed with a single laser wavelength. 

[0035] Under certain circumstances this method can be used for 
combinations of small standard organic dyes (e.g. tetramethylrhodamine and 
fluorescein), which are in common usage. This extension to standard dyes 
broadens the. application of this invention considerably, and the labeling process Is 
not restricted to the specialized dyes described above. The limits for application 
of the invention are only bound by the theoretical limits of the cross-correlation 
function (CCF). 

[0036] Fig. 1A shows the normalized emission spectra of an organic dye 
(fluorescein-biotin, ITS Science & Medical Re Ltd, Singapore, dotted line), a 
fluorescence energy transfer dye (Quantum Red, , SIGMA-AIdrich Pte Ltd, 
Singapore, dashed line), and a semiconductor nanocrystal (QD655, Quantum Dot 
Corp., CA, USA, dot-dash line). Fig. 1 A shows the laser excitation wavelength (a), 
the emission filter transmission range for detector 1 (b), the dichroic mirror center 
wavelength for the separation of the emission light into detector 1 and 2 (c), and 
the emission filter transmission range for detector 2 (d). Fig. 1 A is an example of 
how small Stokes shift organic dyes can be used In combination with large Stokes 
shift fluorescence energy transfer dyes or semiconductor nanocrystals for 
simultaneous excitation with a single laser wavelength in FCCS. 

[0037] Fig. 1B is similar to Fig. 1A, but with the emission spectra of two 
organic dyes BF (fluorescein-biotin, ITS Science & Medical Pte Ltd, Singapore, 
dotted line) and TMRSA (Tetramethylrhodamine-streptavidin conjugate, Molecular 
Probes, Eugene, USA). 
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[0038] Fig. 2: shows a spectroscopic apparatus having an excitation and 
detection pathway for simultaneous detection of two wavelength ranges. A single 
laser beam 1 is coupled over a dichroic mirror 2 and a microscope objective 3 to a 
sample 4. Fluorescence excited by the laser beam and emitted from the sample 4 
is spatially filtered by a pinhole 5. The emission light is then separated by 
wavelength by a dichroic mirror 6 and detected on two or more different detectors 
7, which can use optical filters to further restrict the wavelength range of detection. 
The light from the filters is then auto- and cross-correlated. 

[0039] FCCS with single laser wavelength excitation was performed using 
the apparatus in Fig. 2. Results are shown in Fig. 3A and 3B. The laser beam 1 
is coupled into the microscope objective 3 by means of a dichroic mirror 2 and 
focused into a sample 4. The large and small Stokes shift fluorophores in the 
sample are excited, their emission is collected by the microscope objective 3, 
passes the dichroic mirror 2, which separates the excitation and emission light, 
and is spatially filtered by a pinhole 5 (confocal principle). The emission light is 
then separated by a second dichroic mirror 6 into the distinct emissions from the 
large and small Stokes shift fluorophores. The detector signals are the auto- and 
cross-correlated to yield information on the interaction of the fluorescently labeled 
particles. 

[0040] Results for an example of the application of the invention is shown in 
Fig. 3A. Fig. 3A shows a binding curve (full circles) recorded for streptavidin and 
biotin binding in which biotin was labeled with fluorescein (fluorescein-biotin) and 
streptavidin with a energy transfer dye (Streptavidin Quantum Red conjugate, 
SIGMA-Aldrich Pte Ltd, Singapore), and a negative control (empty circles) in 
which binding of the fluorescence labeled molecules was suppressed by an 
excess of unlabeled biotin (Amersham Bisosciences Ltd., Singapore). The y-axis 
denotes N as defined as the cross-correlation function (CCF) G x (0), and the x-axis 
is the ratio of the concentration of biotin-fluorescein to quantum-red. 

[0041] Figure 3B shows the binding between streptavidin and biotin. In this 
case biotin was labeled with fluorescein (fluorescein-biotin) and streptavidin with 
tetramethylrhodamine (TMRSA). The positive control (binding) is depicted as full 
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circles, the negative control (with excess unlabeled biotin to suppress BF binding) 
as empty circles. 

[0042] Fig. 4 shows a spectroscopic apparatus similar to Fig. 2, but after 
passage through the pinhole 5, the emission light is separated according to 
wavelength by an imaging spectrograph 8 (a set of lenses and a dispersive 
element or, in an alternative embodiment, by several dichroic mirrors) and 
detected by several detectors 9. From the signal of the detectors all auto- and 
cross-correlation functions can be calculated. In Figure 4, the dispersive 
element separates the detected light according to wavelength. The emission 
light will then be detected on a range of detectors or a detector with multiple 
elements that are closely spaced (or contiguous). Each detector (or detector 
element) will measure a different part of the wavelength spectrum. The signals 
from the different detectors can either be treated individually or can be mutually 
added to create signals for larger parts of the spectrum. The resulting signals 
can then be autocorrelated and/or mutually cross-correlated. This invention 
allows the measurement of more than two distinct wavelength ranges in the 
emission light and has the capability of adjusting the different wavelength ranges 
in their extent. 



Theory of Cross-Correlation Function (CCF) 

[0043] In this section we first derive a general expression for the CCF. A 
normalized general expression for CCF is given by 
{3F 1 (t)SF 2 (t + r)) ( Fl (t)F 2 (t + T)) 
* ( J ~ <Fi(0)(F,(0) ~ (F ]( t))(F 2 (0) -* 

where Fi(t) denotes the fluorescence intensity detected in either of the two 
detection channels at a time t, v is the correlation time, and the angular brackets 
denote the time average. 8Fi(t) denotes the fluctuations of the fluorescence signal 
around its time averaged mean values <F,(t)>, and thus F,(t)= <Fi(t)>+ 8Fi(t). For 
the case of differently labeled ligand and receptor particles, which are detected in 
two different channels, the fluorescence in the different channels / is given by: 
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F l (0 = VljCL + T.VLn^Ln* +VmC R +Y,( Vlx+Ri + VRLn'i JCrIx* (2). 

[0044] The different fluorescent yields (counts per particle and second) in 
channel i are defined as follows: 

rj U '. fluorescence yield of unbound labeled ligand 
tjri: fluorescence yield of unbound labeled receptor 

ijLn*f. fluorescence yield of unlabeled receptor with n* labeled ligands L bound 
Vtn'Rf- fluorescence yield of n* labeled ligands L in a ligand receptor complex 
TjRLn'f- labeled receptor R in a ligand receptor complex with n* fluorescent 
ligands 

[0045] These different fluorescence yields 77 have to be included to account 
for the fluorescence of single and multiply labeled complexes, quenching effects 
(upon labeling or upon binding) and possible fluorescence resonance energy 
transfer (FRET) in the different ligand-receptor complexes. For a solution of the 
whole CCF a characteristic time dependent process (diffusion, flow etc.) has to be 
assumed. In the invention, we concentrate only on the amplitudes of the CCF, 
but the extension to the full CCF is straightforward and the solutions have been 
previously published (see Weidemann, T, Wachsmuth, M., Tewes, M., Rippe, K., 
and Langowski, J., Single Mol. 3(1), 49 (2002)). 

[0046] Putting equation 2 into equation 1, accounting for 2 detection 
channels, and assuming a focal intensity profile that is Gaussian in all three 
axes allows the CCF can be calculated (see Aragon, S. R. and Pecora, R, J. 
Chem. Phys. 64(4), 1791 (1976); Elson, E. L. and Magde, D., Biopolym. 13, 1 
(1974)). 
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lulu 0 !. + H 7 lLn»l'?Ln*2 C Ln* +1 7jU t lx 2 Cji v +'Z(fJL n *JtJ + 1 RLn'l )(V Ln*R2 + V RLn'2 ) c RLn* 



(3). 



^ n» n* J 

7 ?L2 C L +H 7 7Ln*2 C L n * + *?R2 C R V + jL( 7 ?L n *R2 + V RLn*2 )<> ru,* 



) 



For the negative control, i.e. no binding, the equation simplifies to 

V#**A fat *L, +Vh *R, h'L2 % +TJ R2 *R, ) 



(4) 



where the 7' represent the fluorescence yields of the different species in the 
presence of the competitor for the negative control. 

[0047] For the data collected in this work the standard deviation of the 
amplitude of the CCFs is on the order of A = 10% or lower. To detect binding we 
demand that the difference between positive and negative control differs by at 
least 6 standard deviations, i.e. 

g x (o)-g;(o)*3a(g x (o)+g;(o)) (5). 
This demand can be expressed in an inequality 



R _G x {o)i-3A 



(6). 



where we define the detection threshold R as the left hand side of Eq. 6. The 
positive and negative control in SW-FCCS can thus only be distinguished when 
inequality 6 is fulfilled. The ratio R depends on several parameters, in particular 
on the purity of receptor and ligand, on quenching of receptor and ligand upon 
binding, on non-specific binding, and on the fluorescence yields of ligand, 
receptor, and ligand receptor complex (as measured in the setup). 



Calculations of SW-FCCS limits 

[0048] For calculations of limits of the Kd which can be determined with 
SW-FCCS (single wavelength fluorescence cross-correlation spectroscopy), the 
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ratio R was. calculated in dependence of different parameters. Since the solution 
for the binding curve (and the detection threshold R) is constant for constant ratios 
of Li/Rt and K<j/Ru all results are given in terms of these dimensionless 
parameters. 

[0049] According to Eq. 6 the ratio R must be at least 1 to allow the 
distinction between positive and negative control. In Table 2 we show the 
maximum values for Kd/Rt at which R = 1 and report the corresponding value of 
L/Rt at which this maximum is reached (see supplement for graphs depicting the 
R = 1 line for different conditions). With the knowledge that FCS measurements 
can be performed at fluorophore concentrations between about 0.1 nM and 1 p.M, 
one can directly calculate possible KdS accessible by this technique and the ideal 
receptor and ligand concentrations to be employed. In these calculations we 
assumed 

i) a standard deviation of A = 10% for all measurements, 

ii) that quenching upon binding is always equal in both detection channels, 
and 

iii) that there is no quenching for negative controls. 

[0050] Condition i) was found to be generally fulfilled in the measurements. 
In FCS the amplitude can often be determined with a much lower standard 
deviation. Condition ii) might improve or worsen the resolution limit since it can 
result in larger or smaller differences for the fluorescence yield products for the 
different species. Condition iii) would in general worsen the resolution limit since 
more quenching means lower signal to noise ratio in the SW-FCCS 
measurements. 

One has to differentiate between two different cases: 

1) lf^->i, then R™™ =—*10~ 6 M and R™ in = * 10" 10 M . 

R t L t L t 

2) if^<7, then Rl nax =10~ 6 M and R? n =1()- 10 M. 

R t 

The maximum and minimum K^s can be calculated by 

K max^^± R max ^ (7a) 
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(7b). 



Receptor-ligand complexes 

[0051] The samples used in SW-FCCS binding studies are ligands and 
receptors, which are labeled with different fluorophores, with total concentrations 
L t and R t , respectively. Due to the labeling process both samples will contain i) 
total active labeled ligands and receptors (*£+ and *Rf), ii) total inactive labeled 
ligands and receptors (*Z,; and *r;, comprising all fluorescent non-active 
particles), iii) total unlabeled active ligands and receptors (°L^ and °R?), and iv) 
total unlabeled non-active ligands and receptors {°L~ and °RJ). 



[0052] The signal in SW-FCCS will be determined by the fluorescent 
particles (*L+ *L~ ,*Rf *Rj), but binding will be determined by the active particles 
CL + t ,°L**R*,°R*). Thus inactive labeled particles *r;) will increase the 



will change apparent binding affinity and stoichiometry. The unlabeled and non- 
active particles (°z; , °r;) only shift the binding curves to lower affinities since 
they represent an overestimation of the total ligand and receptor concentrations. 
In the rest of this section we derive the concentrations of the different possible 
complexes that are formed by the interaction of ligands and receptors. 

[0053] For the active particles, the probability of encountering a labeled or 
unlabeled active ligand/receptor is given by their mole fractions: 



L t =I++*L;+ 0 Lt+ 0 L- 

R t =R;+*Rr+°R?+°R; 



(8b) 



(8a) 



background for SW-FCCS measurements. Unlabeled active particles (°L+, °R?) 
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= wt (9d > 

[0054] For n* ligand binding sites per receptor, the number of complexes 
with different ligands bound can be analytically calculated only for n t = 1 (Ref. 
17). For n t > 2 the concentration of bound complexes has to be numerically 
evaluated (see Tuk, B. and vanOostenbruggen, M. F. f Trends Pharmacol. Sci. 
17(11), 403 (1996)). Numerical solutions were found in Mathematica (Version 
5.0, Wolfram Research, Champaign, IL) by simultaneously solving these 
equations for equilibrium binding: 



_ L+ f R* L + f RL 

and 



\K d = 



I? f RL tt _ x 



(10a) 

(10b) 
(10c). 



[0055] Concentrations of total and free active ligands or receptors are 
denoted by L + t , L* f , Rf , and R}, respectively. The binomial coefficient was 
introduced to account for the different possibilities how n ligands can bind to a 
receptor with n t binding sites. RL n are the concentrations of complexes containing 
n ligands. We assumed her that all binding sites on the receptor have the same 
Kd. The extension of the equations to different K^s can be achieved by using 
different K^s in Eqs. 10a. In addition, we demand that every ligand-receptor 
complex contains only one receptor but can possess several bound ligands. We 
thus exclude aggregation and oligomerization in this theory. 

[0056]Assuming a receptor with n t possible binding sites and n b (0 <, n b <, 
n t ) occupied binding sites, each of these sites can have either a fluorescent or a 
non-fluorescent active ligand as given by the probabilities of eqs. 9a and 9b. Each 
ligand-receptor complex can contain either a fluorescent or a non-fluorescent 
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active receptor as given by the probabilities in eqs. 9c and 9d. The concentration 
of ail active fluorescent receptors containing n b ligands of which n* are fluorescent 
(and n=n b -n* are non-fluorescent) can thus be expressed by 



UJW 



Pl ■ Pl ' ^ '-«L, 



»b 



(11) 



[0057] The first binomial coefficient represents the number of possibilities to 
distribute n b ligands over m binding sites. The second binomial coefficient is the 
number of possibilities to distribute n- fluorescent ligands over the n b occupied 
binding sites. 

[0058] The concentration of all active non-fluorescent receptors containing 
n b ligands of which /7* are fluorescent can thus be expressed by 



0rl m = 



n 



Pl Pl Pr' rl 1 



*b 



(12) 



V n bX n *J 

[0059] We have thus calculated all concentrations necessary for the 
calculation of the CCF. The concentration q. of particles containing only ligand 
fluorophores which are not part of a ligand-receptor complex are given by 



c L = L t + 



*J? - t ln.(*RL M +°JiL M ) 



(13). 



[0060] The second part on the right hand sides of Eq. 13 represents the 
unbound but active fluorescent ligands. The concentration dn* of particles 
containing a non-fluorescent receptor and n* fluorescent ligands are given by 

C Ln* = £ 0RL {n b *>) 



n b =0 



(14) 



[0061] The concentration cr of particles containing only receptor 
fluorophores which are not part of a ligand receptor complex are given by 

r ... ». . A 



* _ 



c R =R t + 



(15). 



[0062] The second part on the right hand sides of Eq. 15 represents the 
unbound but active fluorescent receptors. The concentration c RLn * of particles 
containing a fluorescent receptor and n* fluorescent ligands is given by 
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<W= (16). 

"6=0 

[0063]These concentrations of particles with defined numbers of 
fluorophores can be used to calculate the CCF. 

Example: The biotin-streptavidin ligand-receptor system 

[0064] The biotin-streptavidin ligand-receptor system is a well studied 
model system for ligand receptor interaction. In our case we use fluorescein 
labeled biotin (BF) and tetramethylrhodamine labeled streptavidin (TMRSA). 
There are several points in this system that considerably simplify the expression 
for the fluorescence intensity (Eq. 2) and thus the CCF (eqs. 3 and 4): 

i) The fluorescence of TMRSA is not dependent on BF binding and no FRET 
was observed (data not shown). Thus all T\ RLn *i are equal and can be written as 
tiro- 

These two conditions lead to a simplification of Eq. 2: 

Fl (0 = VuCL +Y, T lLn*iCLn* + Wr +T l ( 7 ?Ln*Rl + Vm ) C RLri* (1 7) 

ft* n* 

ii) The fluorescence of BF is quenched by 75% upon binding (see Gruber, H. 
J., Kada, G., Marek, M., and Kaiser, K., BBA-Gen. Subjects 1381(2), 203 
(1998); 20. Kada, G., Kaiser, K., Falk, H., and Gruber, H. J., BBA-Gen. Subjects 
1427(1), 44 (1999)), but it is not dependent on the number of BF ligands bound 
to TMRSA or unlabeled streptavidin. Thus, a complex with /?« fluorescent ligands 
will have just n* times the fluorescence of a complex with only 1 fluorescent 
ligand. In addition, the quenching is the same in both detectors and can be 
described by the factor q L = 0.25 (this implies that there is no shift in the 
emission spectrum of the ligand fluorophore). Therefore, 

1lLn*i = VLn*Ri = ""ZlVu (1 8) 

where the fluorescence yield of a BF molecules is denoted as 7j u . This leads to 
F i(t) = 7 lLi c L +Z n *^ 7 7zi c in* +7 7m c r +lL( n *qLnu + Vm) c XLn* 

(19) 

7 lRi C R + S 7 7C/i*z C ALn* 
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[0065] To simplify the equations we defined here the fluorescence yield of 
the complexes with fluorescent receptor and n* fluorescent ligands: 

Venn = ( n+qtfLi ^Vm) (2°) 
Putting these equations into the CCF we get 

VuVL2 C L +Y, n ?<3ll 7 ?LI 7 7L2 C Ln* + 7 ?R1 7 !r2 C R v + IL 7 ? Cn+fl Cn+2 C RLn* (21 ) 

GA0) = F7~~ — 

VL1 C L + Ts n +QL??Ll C Ln* + 7 ?RI C R +H 7 7c n +2 C RLn+ 



VL2 C L +!H n +QL T ?L2 C Ln* + 7 1r2 C R +Y* r l Cn+2 C RLn+ 



[0066] In our experiments the competitor (unlabeled biotin) has no influence 
on the fluorescence yields of the labeled particles (rf = 77). For the negative control 
we thus have 

g: (0) = VuVuX+WmI**, (22). 

y^AVjLl W+VRl &tWL2 Lt+lR2 *t) 

[0067] It should be noted that ail assumptions can be verified directly from 
the intensity traces recorded in the two detection channels. The values x\u, r\Ri, 
r\cn*t, and c/l can be measured from samples by comparing the signals in the two 
detectors. The concentrations c L , cm*, c Rt and c RLn * can be numerically calculated 
from eqs. 13-16 in dependence on the total receptor and ligand concentrations. As 
fitting parameters we have thus left the K d , the effective observation volume V eff 
and the relative concentrations of fluorescent and non-fluorescent receptors and 
ligands. 

[0068]The CCF of Eq. 21 contains several contributions: 1) The first three 
sums in the numerator are contributions of particles that contain either only ligand 
fluorophores or only receptor fluorophores. These contributions are similar to the 
autocorrelation of these particles and are caused by the cross talk of the signal 
into both detectors. 2) The fourth sum in the numerator is the contribution of 
particles that actually contain both fluorophores of ligands and receptors and 
represent actual binding interactions. The contribution of the different particles 
depends solely on the product of their fluorescence yields in the two detectors. 
Thus the condition for a successful distinction between the different contributions 
to the CCF is only that T\cn:iT] cn*2 is sufficiently different from r\ L1 r\ L2 , r\Rir\ R2 , and 
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rdq 2 L 7] L1 ri L2 . This implies that even when the same label is used on both ligand 
and receptor, a distinction is possible between the different contributions to the 
CCF, provided that the fluorescence characteristics of the complex are different 
from the characteristics of the ligand and receptor alone (see P. Schwille, Cross- 
Correlation Analysis in FCS, E. L. Elson and R. Rigler (Springer, Berlin, 2001) 
Chap. 17, pp.360-378). 

[0069] The negative control can be fit to Eq. 22 and can be used to 
determine V e ff. And with the knowledge of the total ligand and receptor 
concentrations L t and R t the positive control can be fit with 7 independent 
parameters including the receptor and ligand impurities (eqs. 8a and 8b) and the 
Kd. Different models with different number of binding sites can be obtained by 
using different values of n t . If the binding sites have in addition different KdS this 
can be put into eqs. 10 thus increasing the number of fit parameters. 

[0070] Since we have shown that the invention can be as well used with 
standard organic dyes the extension of the two-color setup to n-color schemes is 
straightforward, as depicted in Fig. 4. To split the signal in different detection 
channels one can use dispersive elements or wavelength selective filters and 
mirrors. All data treatment can then be done as described above. 

[0071] It is also possible to extend the calculations to higher order 
correlation functions or to simple coincidence analysis where only parts of a 
correlation function are calculated. 

[0072] Using the measurement apparatuses of Figures 2 or 4, combined 
with the theoretical basis discussed above, it becomes possible to determine 
what factors influence the CCF and find out the sensitivity of the CCF of various 
fluorophores. 

[0073] Figs. 5A and 5B show the Influence of impurities on the CCF. The 
amplitude of the CCF is shown versus the ligand to receptor concentration ratio. 
The two Figs. 5A and 5B show the simulations/calculations for different affinities 
of the binding partners. A: dissociation constant Kd=10~ 15 nM; B: dissociation 
constant Kd=10" 9 nM. The curves were calculated for a standard fluorophores 
pair (fluorescence yields t] L1 = 27000 Hz, 77^2 = 3000 Hz, tj r1 = 3000 Hz, 77*2 = 
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27000 Hz; binding stoichiometry 1:1; no quenching of ligand and receptor c/l = 
qR = 1) for different impurities at two different K^s: A) K d = 10' 15 M, B) K d = 10" 9 
M. 

[0074] Fig. 6 shows the Influence of the K d on the CCF. The amplitude of 
the CCF is shown versus the ligand to receptor concentration ratio. The curves 
were calculated for a standard fluorophore pair (fluorescence yields tjli = 27000 
Hz, 7jL2 = 3000 Hz, t]ri = 3000 Hz, 77*2 = 27000 Hz; binding stoichiometry 1:1; no 
quenching of ligand and receptor = q R = 1). 

[0075] Fig. 7 shows the Influence of cross talk on the CCF. The amplitude 
of the CCF is shown versus the ligand to receptor concentration ratio. The curves 
were calculated for three different levels of cross talk of the ligand fluorophores 
into the channel of the receptor fluorophores (fluorescence yield 7Jli+tjl2= 30000 
Hz distributed over the two channels depending on cross talk). The receptor 
fluorophores was assumed to have a cross talk of 10% into the first channel {tjri = 
3000 Hz, 77*2 = 27000 Hz;). The binding stoichiometry is 1:1 and no quenching of 
ligand and receptor were used q L = Qf? = 1 . 

[0076] Figs. 8A and 8B show the sensitivity of SW-FCCS depending on 
increasing cross talk of ligand fluorophores (dotted lines), receptor fluorophores 
(dashed lines), or both fluorophores simultaneously (solid lines). For these 
calculations a 1:1 binding stoichiometry and no quenching upon binding were 
assumed. For the ligand and receptor curves the cross talk of one fluorophore 
was fixed at 1 0% while the cross talk of the other fluorophore was varied between 
10 and 90%. For the ligand and receptor curves the cross talk of both 
fluorophores was varied simultaneously between 1 0 and 90 %. The fluorophores 
were assumed to result in 30000 counts per second and particle over all detection 
channels. For Fig. 8A, the values of K</Rt are depicted versus percentage of cross 
talk. In Fig. 8B, the values of L/R* are depicted versus percentage of cross talk. 
Maximum measurable Kjs can be calculated from the data according to Eq. 7. 

[0077] Table 1 shows the Fluorescence yields of the different particles in 
the detection channels 1 and 2. Fluorescence yields and their products for ligands 
and receptors are denoted by rjxu Vx2> 77x1*1x2, respectively (X stands for L, ligand, 
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or R, receptor, depending of the role of the molecule). The residual fluorescence 
after binding for the different particles is given by ay. The fluorescence yield 
product for the ligand-receptor complexes is given by 70**702. 
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Table 1. 



Molecule 


tjxj [Hz] 


r?x2 [Hz] 


<lx 


Vxmx2[10 6 Hz 2 ] 


Complexes 


Tja^PO'Hz 2 ] 


BF 


25245 


520 


0.25 


13.1 






TMRSA 


27540 


1670 


1.0 


46.0 


BF-TMRSA 


60.9 


QR 


6965 


74995 


1.0 


522.3 


BF-QR 


1006.1 


QD 


3082 


120704 


1.0 


372.0 


BF-QD 


1149.0 



BF - Biotin-fluorescein 
TMRSA - tetramethylrhodamine 
QR - Quantum Red 
QD - Semiconductor Nanocrystal 



[0078] Table 2 shows the maximum Kd/Rt values with corresponding L/Rt 
values, for a value of the detection threshold R = 1 . Values are given for Flu/QR 
and Flu/TMR pairs of fluorophores. With these values maximum and minimum 
detectable Kds can be calculated by Eq. 7. All values were calculated using the 
spectroscopic data of Table 1 and using Eq. 18. Note that for the Flu-TMR system 
for a 1:1 binding stoichiometry and 20% fluorescent non-active impurities 
detection of binding is not possible. Therefore, the numbers for 10% ligand and 
receptor impurities are given. 



Table 2. 



Stoichiometry 


No quenching, 
no impurities 


80% quenching 
of ligand (green) 


80% quenching 
of receptor (red) 


Rec. imp. 20 %, 
Lig imp. 20 % 


fluorescein/quantum-red 




L/R t 


K„/R t 


L/R t 


K d /R t 


L/Rt 


Kd/Rt 


L/Rt 


Ka/Rt 


1:1 


41 


43.5 


1.99 


0.77 


39.2 


9.0 


33 


22.0 


1:2 


118 


175.4 


15 


9.9 


76.0 


63.2 


97.0 


102.6 


1:4 


113 


377 


33 


33 


85.0 


153.0 


104.0 


224.0 


fluorescein/tetramethylrhodamine 
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L/R t 




Lt/Rt 


Kj/Rt 


LJR t 


K d /R t 


L/Rt 


Kj/Rt 


1:1 


0.920 


0.009 


0.996 


0.002 


0.985 


0.003 


1.025* 


0.0004" 


1:2 


1.2 


1.4 


1.0 


0.18 


1.1 


0.87 


1.0 


0.54 


1:4 


5.3 


4.2 


2.3 


1.3 


4.2 


3.3 


3.5 


2.2 



[0079] The invention allows the measurement of FCCS with a single laser 
beam for excitation by using fluorophore combinations with similar excitation 
wavelength but different Stokes shifts to allow the excitation of the fluorophores 
with a single laser wavelength and the separation of the emitted fluorescence 
signal. We propose two large Stokes shift fluorophore types (fluorescence energy 
transfer dyes and quantum dots) that can be used for this purpose. In addition, 
measurements show that the invention can be as well extended to other 
fluorophores (e.g. small organic fluorophores) which have smaller Stokes shift but 
whose emission can be distinguished in at least two wavelength selective 
channels. 

[0080] By including several detectors or an imaging detector the detected 
wavelength range can be controlled and different wavelength ranges can be 
detected simultaneously and their mutual auto- and cross-correlations can be 
determined. 

[0081] Fig. 9: shows spectra of the probes used for three color detection 
by single laser line excitation: biotinfluorescein (BF, solid line), R-phycoerythrin 
biotin-XX conjugate (BPE, dotted line), and Alexa Fluor 647-R-phycoerythrin 
streptavidin (AX, dashed line). Indicated as gray squares are as well the 
transmission ranges at full width half maximum of the bandpass filters used to 
detect the probes in the different detectors: 520DF40 (Omega), HQ585/40m 
(Chroma), HQ695/55m (Chroma). 

[0082] Fig. 10 A to C show results of proof of principle measurements of 
single laser-line one-photon excitation of three fluorophores and the detection of 
their mutual cross correlations. Higher correlations can as well be calculated if 
necessary (reference is made to K.G. Heinze, M. Jahnz, P. Schwille. Triple Color 
Coincidence Analysis: One Step Further in Following Higher Order Molecular 
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Complex Formation. Biophys. J. 86, 506-516, 2004). In this example the following 
labeled samples are used: Alexa Fluor 647-R-phycoerythrin streptavidin (AX), 
biotin fluorescein (BF), R-phycoerythrin biotin-XX conjugate (BPE). The 
measurements were conducted with a concentration of 5 nM for AX, and different 
concetrations of BF and BPE which are given as multiples of AX concentration in 
the table shown above Figure 10A.. 

[0083]. Cross-correlation between A) BF and AX, B) BPE and AX, and C) 
BF BPE. All figures show the case of binding (full circles) and the case of inhibited 
binding by excess of unlabeled biotin (empty circles). In all cases can the cross 
correlation due to binding be detected against the negative control, i.e. the empty 
circle graphs in Fig. 10 A to C. 

[0084]Applications of the invention can be found in the life sciences and 
especially in high-throughput screening applications (e.g. drug discovery). 
Discovery of interaction partners in biology, pharmacology, and medicine rely on 
the detection of binding events between two particles (e.g. drug and target, two 
interacting proteins). With conventional FCS this is only possible when the two 
binding partners have a mass difference of a factor 8-10. FCCS is independent of 
mass differences and detects specifically binding interactions. Since 
measurements can be done in the second range high-throughput screening is 
possible with this technique. 

[0085] The invention can extend in general to dyes with different emission 
maxima, whose emission in different wavelength selective channels can be 
distinguished, in combination with the installation of several detectors in the 
detection path, allows measurements of more than just 2 fluorophores in a system 
provided all fluorophores can be excited at the same wavelength and detected in 
different detection channels. Therefore, a fluorophore pair or 3 or more 
fluorophores can be used in the system. Also, the dyes can be standard organic 
dyes, fluorescent energy transfer dyes, or other suitable dyes. Thus the 
interaction of several different molecules can be measured simultaneously. 

[0086] Typically, for the measurement of interactions, all interacting 
partners have to be fluorescently labeled. Labeling of interaction partners can 
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change their binding characteristics. This is encountered also for the conventional 
FCS, FCCS and other fluorescence techniques. Embodiments of the invention 
may be used for lead discovery. The leads can then be more thoroughly tested. 

[0087] It is to be understood that the foregoing descriptions and specific 
embodiments shown herein are merely illustrative of the best mode of the 
invention and the principles thereof, and that modifications and additions may be 
easily made by those skilled in the art without departing for the spirit and scope of 
the invention, which is therefore understood to be limited only by the scope of the 
appended claims. 



